Mrc1 is a conserved checkpoint mediator protein that transduces the replication stress signal to the downstream effector kinase. The loss of mrc1 checkpoint activity results in the aberrant activation of late/dormant origins in the presence of hydroxyurea. Mrc1 was also suggested to regulate orders of early origin firing in a checkpoint-independent manner, but its mechanism was unknown. Here we identify HBS (Hsk1 bypass segment) on Mrc1. An ∆HBS mutant does not activate late/dormant origin firing in the presence of hydroxyurea but causes the precocious and enhanced activation of weak early-firing origins during normal S-phase progression and bypasses the requirement for Hsk1 for growth. This may be caused by the disruption of intramolecular binding between HBS and NTHBS (N-terminal target of HBS). Hsk1 binds to Mrc1 through HBS and phosphorylates a segment adjacent to NTHBS, disrupting the intramolecular interaction. We propose that Mrc1 exerts a "brake" on initiation (through intramolecular interactions) and that this brake can be released (upon the loss of intramolecular interactions) by either the Hsk1-mediated phosphorylation of Mrc1 or the deletion of HBS (or a phosphomimic mutation of putative Hsk1 target serine/threonine), which can bypass the function of Hsk1 for growth. The brake mechanism may explain the checkpoint-independent regulation of early origin firing in fission yeast. Citation Matsumoto S, Kanoh Y, Shimmoto M, Hayano M, Ueda K, Fukatsu R, Kakusho N, Masai H. 2017. Checkpoint-independent regulation of origin firing by Mrc1 through interaction with Hsk1 kinase. Mol Cell Biol 37:e00355-16. https://
I n eukaryotic cells, DNA replication is initiated from a number of sites (replication origins) (1, 2) . In fission yeast, more than 1,000 prereplicative complexes (pre-RCs) are generated on chromosomes during G 1 phase, and only a subset of them are used for initiation (3) (4) (5) (6) (7) (8) (9) . The choice of origins to be fired and the determination of the timing of their activation are influenced by many factors, including chromatin structures, local histone modifications, transcription factors, and even physiological conditions such as temperature (7, (10) (11) (12) (13) (14) (15) (16) (17) .
The DNA replication checkpoint (intra-S checkpoint) operates to delay the activation of late-firing/dormant origins in response to an inhibition of DNA synthesis. The conserved Mec1-Mrc1-Rad53/Rad3-Mrc1-Cds1/ATR-Claspin-Chk1 pathway plays a major role in mediating the replication checkpoint signal to the downstream pathway. Mrc1/Claspin plays a major role as a mediator for the activation of this pathway. We previously reported that Hsk1 is required for the activation of the replication checkpoint, probably through the phosphorylation of Mrc1 (18) . On the other hand, Mrc1 was also shown to be required for the scaling of DNA replication timing in budding yeast. In most mutants that extend the S phase, the activation timings of most origins are delayed in proportion to the duration of S phase. In contrast, early-firing origins fire early, even in the extended S phase, in ∆MRC1 cells (19) . Importantly, this requirement of Mrc1 for the scaling of origin activation could still be mediated by a checkpoint-deficient mutant of mrc1, suggesting that Mrc1 regulates early origin firing in a checkpoint-independent manner (20) . However, the mechanisms by which Mrc1 regulates early-firing origins are unknown.
Hsk1 is the fission yeast homologue of Cdc7 kinase (21) , known to be essential for the initiation of DNA replication. We previously reported that a deletion of mrc1 can bypass the requirement of Hsk1 kinase for the initiation of DNA replication. We further found that a checkpoint-specific mutant of mrc1 as well as ∆cds1 (cds1 encodes an effector kinase for replication checkpoint signaling) could also bypass Hsk1 (11) . Growth of ∆hsk1 cells was restored even by increasing the growth temperature. Thus, we concluded that Hsk1 kinase is important for initiation in fission yeast cells but not absolutely essential and that its requirement can be circumvented by factors that would change the replication potential.
We reported previously that Mrc1 selectively binds to early-firing origins and that precocious activation of early-firing origins occurs in ∆mrc1 cells but not in a checkpoint-deficient mutant of mrc1 (22) . These observations have suggested a checkpointindependent function of Mrc1 that may operate specifically in the regulation of replication timing of early-firing origins. However, the mechanisms of Mrc1-mediated regulation of early-firing origins have been unclear. We have taken advantage of the above-described Hsk1 bypass assays to identify the segments on Mrc1 that may exert checkpoint-independent regulation of origin firing.
We have identified a 98-amino-acid (aa) segment, HBS (Hsk1 bypass segment), near the C terminus of Mrc1 that is required for the checkpoint-independent bypass of Hsk1 functions. In an ∆HBS mutant, precocious and more efficient firing of early replication origins is observed. HBS interacts with an N-terminal segment (NTHBS [N-terminal target of HBS]). Hsk1 kinase, interacting with Mrc1 through HBS and NTHBS, phosphorylates Mrc1 at a segment adjacent to NTHBS. The HBS-NTHBS interaction is reduced by this phosphorylation. We propose that Mrc1 undergoes an interconversion between a "brake-on" form (HBS-NTHBS interacting; incapable of bypass) and a "brake-off" form (HBS-NTHBS dissociated; capable of bypass) and that the conversion from the former to the latter is stimulated by Hsk1, resulting in the firing of early-firing origins. Thus, Mrc1 plays novel and crucial roles in the regulation of early-firing origins by its ability to recruit Hsk1 kinase through HBS, in addition to its well-known role in regulating late/dormant origins in a checkpoint-dependent manner.
RESULTS
Identification of HBS on Mrc1 that is involved in checkpoint-independent rescue of ⌬hsk1 cells. We previously reported that an ∆mrc1 mutation can rescue the lethality of the ∆hsk1 mutant (11) . We further showed that mrc1-3A (S604AT645AT653A, specifically defective in checkpoint function [23, 24] ), as well as ∆cds1, can rescue the ∆hsk1 mutant. Late/dormant origins are fired in the presence of hydroxyurea (HU) in these checkpoint mutants, leading us to conclude that the checkpoint defect can bypass the requirement of hsk1 for growth, probably due to a general derepression of the replication potential.
We noticed that the ∆mrc1 mutation always rescued the ∆hsk1 mutant more efficiently than did mrc1-3A or ∆cds1 (11) . Therefore, we speculated that there may be checkpoint-dependent and -independent pathways for the suppression of the hsk1 mutation. This suggests the presence of a checkpoint-independent regulation of origin activation by the Mrc1 protein. Indeed, we discovered that the firing efficiency of weak early-firing origins was improved and occurred earlier in the synchronous S-phase progression of ∆mrc1 cells in the absence of HU (22) . Interestingly, this stimulation was not observed for mrc1-3A (22) . Furthermore, previous reports suggest the presence of checkpoint-independent scaling of origin firing mediated by Mrc1 (19, 20) . These results point to the possibility that Mrc1 plays an unknown but novel role in the regulation of early origin firing. Analyses of the checkpoint-independent bypass of hsk1 would provide us with an excellent opportunity to dissect Mrc1 for this novel and important function.
We previously showed that Mrc1(157-879) but not Mrc1(157-781) inhibited bypass growth (no growth at 30°C, a nonpermissive temperature for an hsk1 temperaturesensitive [hsk1 ts ] allele, hsk1-89) when expressed ectopically in hsk1-89 ∆mrc1 cells (11) . Since both mutants are resistant to HU, this suggested that aa 782 to 879 play a role in the checkpoint-independent bypass of hsk1 (11) . In order to more precisely characterize the checkpoint-independent pathway for hsk1 bypass, we constructed strains in which the genomic mrc1 ϩ gene was replaced by the mrc1 mutant lacking aa 782 to 879. mrc1∆(782-879) cells are resistant to HU to an extent comparable to that of wild-type (WT) mrc1 ϩ , but the mrc1∆(782-879) mutation rescues the growth of hsk1-89 cells at 30°C ( Fig. 1A and C), confirming that aa 782 to 879 play a role in the checkpoint-independent bypass of hsk1. We previously reported the presence of a putative phosphodegron sequence within the deleted segment (aa 860 to 865) (25) . Therefore, we constructed another internal deletion mutant, mrc1∆(782-846), which retains the phosphodegron sequence ( Fig. 1B and D) . This mutant is resistant to HU and rescued hsk1-89 as efficiently as mrc1∆(782-879) ( Fig. 1C and D) . Therefore, the phosphodegron sequence itself is not responsible for the rescue of hsk1-89. We designated the region spanning aa 782 to 879 HBS.
Checkpoint-dependent and -independent pathways function additively for the rescue of hsk1 ts . We then showed that the mrc1∆HBS mutation could rescue the growth of ∆hsk1 cells ( Fig. 1E ). Neither mrc1-3A (specifically defective in the replication checkpoint) nor mrc1∆HBS (proficient in the checkpoint and HU resistant) ( Fig. 1F ) restored the growth of ∆hsk1 cells as efficiently as ∆mrc1 did ( Fig. 1E ). Therefore, we examined whether the combination of two mutations may restore the efficiency of the bypass. The [mrc1(3Aϩ∆HBS)] double mutant rescued hsk1-89 more efficiently than did each of the single mutants, indicating that checkpoint-dependent and -independent pathways independently contribute to the bypass (Fig. 1F ).
⌬HBS mutations result in elevated initiation at weak early-firing origins. Analysis by a BLAST search of the amino acid sequence of HBS revealed two conserved segments ( Fig. 1B ), 6 or 7 acidic amino acids toward the N terminus of HBS and the KAF (lysine-alanine-phenylalanine) motif near the middle of HBS. The KAF/AAA mutant was resistant to HU to an extent similar to that exhibited by wild-type Mrc1 (data not shown) but rescued hsk1-89 albeit to a lesser extent than mrc1∆HBS ( Fig. 2A ).
We then examined whether the deletion of HBS or a KAF/AAA mutation affects the firing of early-firing origins using two-dimensional (2D) gel electrophoresis. We synchronized the cell cycle by first arresting cells in M phase with nda3-KM311 at 20°C and releasing the cells into the cell cycle at 30°C. Fluorescence-activated cell sorter (FACS) analyses indicate that cell cycle progression was very similar between different mutants ( Fig. 2B ). In the wild type, only a strong Y arc (representing passive replication) was detected at ars1, a weak early-firing origin, indicating that ars1 is largely replicated passively from neighboring origins ( Fig. 2C ). In the ∆mrc1 mutant, bubble arc (representing initiation) formation was significantly increased at ars1, as shown previously (22) . In mrc1∆HBS and mrc1-KAF/AAA cells, a strong bubble arc also appeared at 20 to 30 min, which is indicative of efficient initiation at ars1 in these mutants ( Fig. 2C) .
At ars2004, a strong early-firing origin, a bubble arc was detected 20 min after release in wild-type cells, and the relative strength of the bubble arc (compared to the Y arc) was not significantly affected by mrc1 mutations (Fig. 2D ). These results indicate that HBS is required for the checkpoint-independent suppression of subsets of earlyfiring origins.
Chromatin immunoprecipitation (ChIP) analyses and in vitro binding assays showed that Mrc1∆HBS and Mrc1-KAF/AAA bind to an early-firing origin, excluding the possibility that a loss of origin binding is responsible for elevated initiation in the mrc1∆HBS and mrc1-KAF/AAA mutants ( Fig. 2E ; see also Fig. 8C and D).
The mrc1⌬HBS mutant does not facilitate the firing of late/dormant origins in the presence of HU. Since the mrc1∆HBS mutant is proficient for the replication checkpoint (resistant to HU) ( Fig. 1A and F), the results described above suggest the possibility that HBS specifically regulates early-firing origins but not late/dormant origins. We tested this by examining bromodeoxyuridine (BrdU) incorporation at a late/dormant origin (Chr2_2580) in a synchronously released culture in the presence of HU. We found that BrdU is incorporated at this late/dormant origin in mrc1-3A mutant cells but not in mrc1∆HBS mutant cells ( Fig. 2F) , which supports the above-mentioned possibility. Genome-wide analyses of BrdU incorporation into mrc1∆HBS cells in the presence of HU also confirmed that late/dormant origins are not activated in mrc1∆HBS cells (Fig. 2G ). These results indicate that HBS is not involved in the regulation of late/dormant origins in the presence of replication stress, consistent with the checkpoint-proficient nature of the ∆HBS mutant. These results also show that we were able to separate the domain(s) for checkpoint-independent functions from those involved in checkpoint-dependent functions (which is the SQ/TQ domain) ( Fig. 1D ).
Involvement of the N-terminal segment of Mrc1 in checkpoint-independent bypass of hsk1 and its interaction with HBS. To explore the mechanisms of bypass of Hsk1 function and deregulation of early-firing origins in the mrc1∆HBS mutant, we addressed whether mutations/deletions of other segments of Mrc1 could induce similar effects on Mrc1. We introduced a serial deletion from the N terminus of Mrc1 and examined its function in the checkpoint response as well as in the rescue of hsk1-89. Mrc1(225-879) was HU resistant and could not bypass hsk1. A further 152-aa deletion [Mrc1(377-879)] led to the bypass of hsk1 but did not significantly affect HU sensitivity ( Fig. 3A and B ). These results indicate that the 152-aa (residues 225 to 376) segment, in addition to HBS, is also involved in the checkpoint-independent bypass of hsk1.
N-terminal truncations beyond aa 377 resulted in a stepwise loss of the checkpoint (increased sensitivity to HU), and those extending into the SQ/TQ segment (beyond aa 536) result in a complete loss of the checkpoint (sensitive to HU) and suppression of hsk1-89. The reason why Mrc1(536 -879), which is checkpoint deficient, is unable to suppress hsk1-89 is not clear. It may be dominantly inhibiting growth in this particular genetic background.
These results also suggest the functional and/or physical interactions between C-terminal HBS and the N-terminal segment. Therefore, we examined the physical interaction between the C-terminal (aa 781 to 1019) and the N-terminal segments of are boxed. They are stretches of acidic residues, the KAF (lysine-alanine-phenylalanine) motif and the phosphodegron previously shown to be phosphorylated by Hsk1 kinase and to trigger the proteasome-mediated degradation of Mrc1. Sp, Schizosaccharomyces pombe (aa 782 to 879 of Mrc1); Sj, Schizosaccharomyces japonicus (aa 703 to 802 of Mrc1); Sc, Saccharomyces cerevisiae (aa 792 to 892 of Mrc1); Dh, Debaryomyces hansenii CBS767 (aa 957 to 1057 of DEHA2E14190p); Ac, Arthroderma otae CBS 113480 (aa 939 to 1040 of a hypothetical protein); Kl, Kluyveromyces lactis NRRL Y-1140 (aa 693 to 788 of a hypothetical protein); Ss, Scheffersomyces stipitis CBS 6054 (aa 884 to 931 of a hypothetical protein); Cp, Candida parapsilosis (aa 890 to 946 of a hypothetical protein); Tv, Trypanosoma vivax Y486 (aa 27 to 80 of a putative ATP binding protein-like protein). (C) Fivefold serial dilutions of exponentially growing WT, hsk1-89 (KO147), hsk1-89 ∆mrc1 (MS317), hsk1-89 mrc1∆(782-879) (MS567), and hsk1-89 mrc1∆(782-846) (MS571) cells were spotted onto YES agar and incubated for 5 days at 25, 30, or 37°C. The hsk1-89 mutant grows at 37°C, since high temperature bypasses the requirement of Hsk1 kinase for growth (11) . (D) Schematic representation of structures and phenotypes of the mrc1∆(782-879) and mrc1∆(782-846) mutants. The checkpoint was evaluated by HU sensitivity. ∆HBS mutants are resistant to HU but can bypass an hsk1 mutation. (E) The ∆HBS mutant can restore the growth of the ∆hsk1 mutant. Fivefold serial dilutions of ∆hsk1 cells with the indicated mrc1 mutations carrying pREP2hsk1wt (ura4 ϩ marker) were spotted onto SD agar plates containing Ade, Leu, and Ura (ALU) with or without 5-FOA (1 mg/ml). Plates were incubated at 30°C for 6 or 10 days. (F) Fivefold serial dilutions of exponentially growing WT, ∆mrc1, mrc1-3A (KT1398), mrc1∆(782-879) (MS565), mrc1[3Aϩ∆(782-879)] (MS663), hsk1-89, hsk1-89 ∆mrc1, hsk1-89 mrc1-3A (HM258), hsk1-89 mrc1∆(782-879), and hsk1-89 mrc1[3Aϩ∆(782-879)] (MS667) cells were spotted onto YES agar plates containing 0, 3, or 6 mM HU. Plates without HU were incubated for 5 days at 25 or 30°C. Plates with HU were incubated for 10 days at 25°C. The ∆HBS and mrc1-3A mutants bypass hsk1 less efficiently than does the ∆mrc1 mutant, and the combination of the two mutations resulted in more efficient bypass, suggesting that the two mutations bypass hsk1 in independent pathways.
FIG 2
Early-firing origins but not late-firing origins are affected in HBS mutants of mrc1. (A) Fivefold serial dilutions of exponentially growing WT, hsk1-89, hsk1-89 ∆mrc1, hsk1-89 mrc1∆HBS, and hsk1-89 mrc1-KAF/AAA cells were spotted onto YES agar and incubated for 4 days or 7 days at 25, 30, or 37°C. (B) Strains with the indicated mrc1 genotypes were arrested at M phase (by nda3-KM311) and released into the cell cycle at 30°C. Cells were harvested at the indicated time points, and DNA contents of the cells were analyzed by FACS analysis. (C and D) 2D electrophoresis analysis of replication intermediates prepared from the cells in panel B at two early-firing origins, ars1 (weak origin) (C) and ars2004 (strong origin) (D). Data for WT and ∆mrc1 cells at ars2004 were described in a previous study (see Fig. 5 in reference 11), which was conducted in the same series of experiments shown here. In mrc1 mutants, fork movement appears to be slowed down within the EcoT22I fragment examined (for ars2004), causing an accumulation of a radioactive signal in the last part of the Y arc. This also causes the incoming fork outside this fragment to collide with the outbound replication fork, leading to the appearance of a cone signal. (E) Strains with the indicated mrc1 genotypes were arrested at M phase (by nda3-KM311) and released. Twenty minutes after release, the cells were fixed and harvested. Mrc1 was chromatin immunoprecipitated, and the IP efficiency (relative to the input genomic DNA) was assessed by quantitative real-time PCR (means Ϯ standard errors of the means from three independent experiments). (F) Strains with the indicated mrc1 genotypes were arrested at M phase (by nda3-KM311) and released into the (Continued on next page) Mrc1(377-781), Mrc1(396 -781), and Mrc1(536 -781) polypeptides from 239T cells and examined their interactions with Mrc1(782-879) in vitro. Consistent with the in vivo results, the HBS polypeptide was coimmunoprecipitated with Flag-tagged Mrc1∆HBS, Mrc1(1-781), Mrc1(225-781), Mrc1(377-781), and Mrc1(396 -781), while it was not coimmunoprecipitated with Mrc1(536 -781) very efficiently (Fig. 3D) . These results establish that HBS of Mrc1 directly interacts with the N-terminal segment of Mrc1 (designated NTHBS), most likely through intramolecular interactions. An intermolecular interaction of HBS and NTHBS is possible but unlikely, since Flag-tagged Mrc1 and Myc-tagged Mrc1 coexpressed in fission yeast cells did not coimmunoprecipitate (Fig.  3E ). The results described above also indicate that aa 396 to 535 are an essential segment of NTHBS for binding to HBS. Mrc1(377-879), but not Mrc1(225-879), is able to bypass Hsk1 (Fig. 3) , although the HBS-NTHBS interaction is likely to be maintained at aa 377 to 879. These results suggest that aa 225 to 376, in addition to HBS, are required for checkpoint-independent origin regulation by stabilizing the brake-on conformation.
Expression of HBS in mrc1⌬HBS cells leads to growth inhibition of hsk1. Next, the question was whether the HBS-NTHBS interaction is functionally related to the bypass of hsk1. We first postulated that Mrc1∆HBS is a brake-off form that is able to bypass hsk1, whereas the presence of HBS, through its interaction with NTHBS, converts Mrc1 to a brake-on form that is not able to bypass hsk1. Thus, we next examined whether the addition of the C-terminal polypeptide containing HBS in trans can convert the brake-off form to the brake-on form. To test this model, we expressed full-length Mrc1 or Mrc1 C-terminal polypeptides (aa 781 to 879, 781 to 1019, and 880 to 1019) in hsk1-89 mrc1∆HBS cells, and the effect on growth at 30°C was examined by a colonyforming assay (Fig. 4A ). Growth suppression indicates the conversion of the brake-off form into the brake-on form. The expression of full-length Mrc1 suppressed the bypass, resulting in almost zero relative CFU at 30°C, as expected (Mrc1FL) (Fig. 4B ). Whereas Mrc1(880 -1019) lacking HBS showed only a slight reduction in the number of CFU compared to the vector, a notable reduction of the number of CFU was observed with Mrc1(781-879) and Mrc1(781-1019) (Fig. 4B, bottom) . In contrast, the expression of the same C-terminal polypeptides in hsk1-89 ∆mrc1 cells showed only a subtle effect on CFU (Fig. 4C, top) . In addition to the reduction of CFU, sizes of colonies appearing in these assays were substantially different. Small colonies appeared in cells expressing Mrc1(781-879) and Mrc1(781-1019) compared to those appearing in cells expressing Mrc1(880 -1019) ( Fig. 4C ). These results support the idea that the Mrc1 HBS-NTHBS interaction converts the brake-off form into the brake-on form, although we cannot exclude the possibility that the titration of different factors by expressed polypeptides plays a role in these assays. Growth inhibition was more potent with Mrc1(781-1019) than with Mrc1(781-879), suggesting that, in addition to HBS, the C-terminal 140 amino acids may also contribute to the intramolecular interaction.
Binding of Mrc1 to Hsk1 requires both HBS and NTHBS. We previously reported that Mrc1 interacts with Hsk1 kinase (25) and that it is efficiently phosphorylated in vitro by this kinase (18) . To determine the Mrc1 segment required for the interaction with Hsk1, we first examined the interaction of Mrc1(157-781) and Mrc1(157-879) with Hsk1, since the former but not the latter can suppress hsk1-89 (11) . Coimmunoprecipitation assays show that Mrc1(157-879) binds to Hsk1 but that Mrc1(157-781) does not, Cell extracts were prepared from ∆mrc1 cells expressing Mrc1-13Myc and/or Mrc1-3Flag, immunoprecipitation was conducted with anti-Flag antibody, and coimmunoprecipitation of Mrc1-13Myc was examined by Western analyses using anti-cMyc antibody as described above for panel C (lanes 6 to 8). Cell extracts from him1/dfp1-13myc and him1/dfp1-13myc hsk1-3Flag cells were used as a control for coimmunoprecipitation (lanes 9 and 10). Him1/Dfp1 is coimmunoprecipitated with Hsk1. In panels C and D, Flag-tagged Mrc1 polypeptides and HBS-containing polypeptides are indicated by asterisks and arrowheads, respectively. suggesting that HBS (aa 782 to 879) is required for binding to Hsk1 (Fig. 5A ). This was confirmed by showing that the internal deletion of aa 782 to 879 led to a loss of Hsk1 binding (Fig. 5B ). However, further deletion analyses of Mrc1 indicate that HBS is not sufficient for Hsk1 binding (Fig. 5C to E and data not shown). Mrc1(377-879) retains the ability to bind to Hsk1, but the deletion of another 159 amino acids resulted in a loss of Hsk1 binding. Interestingly, a fusion of the two Mrc1 segments spanning aa 377 to 535 and aa 674 to 879 containing HBS binds to Hsk1 with high efficiency (Fig. 5D and E) .
Hsk1-mediated phosphorylation of Mrc1 inhibits the HBS-NTHBS interaction and converts it to a brake-off form. The results presented above suggest that the HBS-NTHBS intramolecular interaction regulates the activity of Mrc1. This interaction is mediated by the C-terminal segment containing HBS and the central segment containing NTHBS (aa 396 to 535), through which Hsk1 kinase can bind to Mrc1. Questions arise as to how the HBS-NTHBS interaction is regulated by Hsk1 kinase. The Mrc1 protein was vigorously phosphorylated by Hsk1-Dfp1/Him1 kinase in vitro (18), whereas Mrc1∆HBS was only poorly phosphorylated ( Fig. 6A ). During unperturbed growth, Mrc1 is phosphorylated during S phase (as indicated by a specific mobility shift), and this phosphorylation is dependent on HBS (Fig. 6B) . These results indicate that the recruitment of Hsk1 to Mrc1 through HBS is required for efficient Hsk1-mediated phosphorylation of Mrc1.
The fission yeast Mrc1 sequence possesses many serine/threonine residues surrounded by acidic residues (glutamic acid or aspartic acid), which may be favored by Cdc7/Hsk1 kinase (26, 27) . We speculate that the Hsk1-mediated phosphorylation of Mrc1 may somehow disrupt the intramolecular HBS-NTHBS interaction and that the protein is converted to the brake-off form. If this is the case, a phosphorylation mimic mutation of the key serine/threonine residues of Mrc1 could reduce the HBS-NTHBS In vitro phosphorylation of the WT and the ∆HBS mutant of Mrc1 by the Hsk1-Dfp1/Him1 kinase complex. The wild-type and ∆HBS Mrc1 proteins expressed and purified from mammalian cells were phosphorylated in vitro by the Hsk1-Dfp1/Him1 kinase complex purified from insect cells under the conditions described in Materials and Methods. Proteins were run on 8% SDS-PAGE gels, stained with silver (left), dried, and autoradiographed (right). (B) mrc1 ϩ , ∆cds1, mrc1∆HBS, and mrc1∆HBS ∆cds1 cells were arrested at M phase (by cdc25-22) and released into the cell cycle. At the indicated times after release, aliquots of cells were harvested, and whole-cell extracts were analyzed by Western blotting using anti-Mrc1 antibody. A mobility shift of Mrc1, caused by phosphorylation, is observed during S phase in wild-type cells but not in ∆HBS mutant cells. The extent of phosphorylation of wild-type Mrc1 increases in the ∆cds1 mutant (23), but a mobility shift of ∆HBS is not observed, even in the ∆cds1 mutant. Bottom panels show FACS profiles for each cell. The rates of cell cycle progression were similar among the four cell types.
interaction, resulting in conversion to a brake-off form and suppressing the hsk1 mutant. Although HBS is a prime candidate for phosphorylation, an HBS(A) or HBS(E) mutant, in which all the serine and threonine residues in HBS (except for the three serines in the phosphodegron) were converted to alanines or glutamic acids, respectively, showed no detectable rescue of hsk1-89, and the mutant proteins exhibited an Hsk1-depndent mobility shift (data not shown), leading us to conclude that the major target sequences of Hsk1 may lie somewhere else in the Mrc1 polypeptide. Therefore, we selected four different segments of the Mrc1 N-terminal region (aa 76 to 199, aa 238 to 395, aa 409 to 537, or aa 541 to 754) and replaced all the serine/threonine residues with glutamic acid in each segment separately. All the ST/E mutants showed normal growth at 25°C, showing that they function properly during the unperturbed S phase.
In the presence of HU, the S76-S199/E, T238-S395/E (SE), and S409-S537/E mutants were resistant to HU, whereas the S541-S754/E mutant was significantly more sensitive than the wild type ( Fig. 7A) . aa 541 to 754 overlap the SQ/TQ-rich segment, which is a target of Rad3. The ST/E substitutions in the S541-S754/E mutant do not include SQ/TQ residues, but the glutamic acid substitutions near the Rad3 target sites may cause an adverse effect on checkpoint responses. The ∆HBS mutant was significantly more resistant to HU in the presence of thiamine. This is probably due to a higher level of the protein caused by a loss of the degron signal present in the deleted HBS (Fig. 8B) .
Among the four mutants, only the T238-S395/E mutant supported the growth of hsk-89 cells at 30°C (Fig. 7A ). We constructed a strain in which the genomic mrc1 ϩ gene was replaced by this mrc1(T238-S395/E) mutant and confirmed that the T238-S395/E mutant rescues the growth of ∆hsk1 cells (Fig. 7B ). Late origin firing in the presence of HU was completely suppressed in the T238-S395/E mutant (Fig. 2F) , indicating that the DNA replication checkpoint (intra-S checkpoint) is intact in this mutant. Thus, it is likely that the T238-S395/E mutant is defective in the checkpoint-independent suppression of early origin firing.
These results also suggest that the polypeptide spanning aa 238 to 395 contains key serine/threonine residues whose phosphorylation may induce the dissociation of HBS and NTHBS of Mrc1. Consistent with this speculation, the SE mutant polypeptide of Mrc1(224 -547) interacted poorly with HBS (aa 782 to 879) in vitro compared to the wild type or the T238-S395/A (SA) mutant of Mrc1(224 -547) (Fig. 7C ). DNA binding activity was not affected in the T238-S395/E mutant, as indicated by ChIP analyses (Fig. 2E ) and in vitro DNA binding assays ( Fig. 8C and D) . The polypeptide spanning aa 225 to 547 was phosphorylated by Hsk1 in vitro, and this phosphorylation was largely eliminated with the T238-S395/A mutant version of the same polypeptide ( Fig. 8E and F) , indicating that the mutated serine/threonine residues constitute targets of Hsk1 kinase. These in vitro and in vivo results support the idea that Mrc1 changes the conformation through the NTHBS-HBS intramolecular interaction and that this interaction is regulated by Hsk1 kinase. Crucial roles of phosphorylation at aa 238 to 395 are consistent with the requirement of aa 225 to 376 for Mrc1 to adopt a brake-on form. The loss of HBS or of aa 225 to 376 or phosphomimic mutations in the latter segment convert Mrc1 to a brake-off form in the absence of Hsk1, which would result in the precocious activation of early-firing origins and the bypass of Hsk1.
DISCUSSION
In addition to its well-known role in the DNA replication checkpoint as an adaptor protein, Mrc1 has been known to have checkpoint-independent functions. It has been implicated in efficient replication fork progression (28) (29) (30) . It was also reported that the checkpoint-independent function of Mrc1 is involved in the scaling of origin activation in slowed S-phase progression (19, 20) . We previously reported the possibility that Mrc1 regulates the firing of some early-firing origins in a checkpoint-independent manner (22) . However, the precise mechanisms of the checkpoint-independent functions of Mrc1 in origin regulation have been unclear.
The new results reported here provide novel insights into and mechanisms of origin firing regulation during unperturbed growth and present strong evidence for a central role of Mrc1-Cdc7 in this regulation. While we previously reported that Rif1 plays a major role in regulating late/dormant origin firing (7, 14) , the regulation of early origin firing has been elusive. The findings in this report shed light on this unanswered question and bear general significance in understanding the complete pictures of origin regulation in eukaryotic cells. HBS, a segment essential for checkpoint-independent regulation of early-firing origins. We reported previously that ∆mrc1 as well as other mutations and physiological conditions can bypass the requirement of Hsk1 for DNA replication (7, 11) and suggested a possibility that this reflects the altered regulation of origin firing. On the basis of analyses of both ∆mrc1 and mrc1-3A (checkpoint-specific) mutants, we suggested the presence of a checkpoint-independent bypass pathway. Here we have uti-FIG 8 mrc1∆HBS and ST/E mutants are resistant to HU and bind to DNA, and the ST/A mutant is not phosphorylated by Hsk1 kinase. (A) Fivefold serial dilutions of exponentially growing cells with the indicated mrc1 genotypes were spotted onto YES agar containing 0, 3, or 6 mM HU. Plates were incubated at 25 or 30°C for 2 to 5 days. (B) Whole-cell extracts were prepared from exponentially growing cells used for the experiment shown in panel A and analyzed by Western blotting using anti-Mrc1 or anti-␣-tubulin antibody. (C) The wild type and the ∆HBS and T238-S395/E mutants of Mrc1, N-terminally fused with RGS-His, were expressed and purified from E. coli cells. Mrc1 polypeptides (aa 536 to 781 and aa 396 to 781), N-terminally fused with 6ϫHis and C-terminally fused with 3ϫFlag, were expressed and purified from 293T cells. Gel shift assays were conducted with 2 nM 32 P-labeled Y-fork DNA and increasing amounts of each protein (45, 90, and 180 nM), as described previously (42) . Lanes 1 and 17, no protein added. Samples were run on an 8% polyacrylamide gel (29:1) containing 10% glycerol (1ϫ Tris-borate-EDTA [TBE]). (D) Schematic drawing of the mutant Mrc1 proteins used for the gel shift assay depicted in panel C and summary of the results. (E) The wild-type and ST/A versions of the polypeptide (aa 225 to 547) and the wild-type polypeptide (aa 1 to 547), N-terminally fused with 6ϫHis and C-terminally fused with 3ϫFlag, were expressed and purified from 293T cells and used as the substrates for in vitro kinase assays with the GST-Hsk1-Him1 kinase complex expressed and purified from insect cells. The reaction mix also contained an RGS-His-HBS polypeptide (aa 781 to 879) to facilitate the recruitment of Hsk1 kinase. Samples were analyzed on 7.5% (29:1) SDS-PAGE gels, stained with Coomassie brilliant blue (CBB) (right), dried, and autoradiographed (Autrad) (left). RGS-His-HBS ran off the gel. (F) Schematic drawing of the mutant Mrc1 proteins used for the kinase assays in panel E. For panels D and F, red, blue, and green segments are described in the Fig. 7 legend. lized the hsk1 bypass system as a readout for altered origin regulation and have identified a segment, designated HBS, on Mrc1, the deletion of which leads to the checkpoint-independent rescue of ∆hsk1. In HBS mutants, early-firing origins are precociously fired during the normal progression of S phase, while late/dormant origins are not activated in the presence of HU (Fig. 2) . In contrast, precocious firing of early-firing origins is not observed in an mrc1 checkpoint mutant (22) . Checkpointdependent and -independent pathways function additively for the bypass of hsk1 (Fig.  1F) , indicating that they are two separate pathways (nonepistatic).
Intramolecular interactions may regulate the function of Mrc1. We discovered that HBS (located near the C terminus) physically interacts with the N-terminal segment (NTHBS) of Mrc1. Since an intermolecular interaction of Mrc1 was not observed in vivo (Fig. 3E ) and the purified Mrc1 protein behaves as a monomer (data not shown), this interaction appears to occur in an intramolecular manner and regulates the function of Mrc1. Exogenously expressed HBS can antagonize the bypass mediated by mrc1∆HBS (Fig. 4 ). This is probably through the interaction of HBS with NTHBS. We postulated that Mrc1 interchanges between brake-on (e.g., full-length protein) and brake-off (e.g., ∆HBS mutant) forms through the intramolecular interaction. A loss of the interaction would convert the former to the latter (Fig. 9A) .
Hsk1-mediated phosphorylation regulates the conversion between the brake-on and brake-off forms. The ∆HBS mutant bypasses the requirement for Hsk1 kinase. Mrc1 is a substrate of Hsk1, and thus, the simplest interpretation is that the Hsk1-mediated phosphorylation of Mrc1 converts it to the brake-off form and that the ∆HBS mutant adopts a conformation that mimics the brake-off form without phosphorylation by Hsk1. HBS is also required for Mrc1 to interact with Hsk1 and to be efficiently phosphorylated. Thus, it could be inferred that the Hsk1-mediated phosphorylation of the N-terminal segment may regulate the interaction between HBS and NTHBS. Consistent with this prediction, glutamic acid substitutions of serine/threonine residues in a segment (aa 238 to 395) resulted in a reduced interaction of the polypeptide spanning aa 225 to 547 with HBS (Fig. 7C) . The same mutation on full-length Mrc1 converted it to a brake-off form, permitting the bypass of hsk1 (Fig. 7B) . A glutathione S-transferase (GST)-fused polypeptide containing aa 225 to 547 of Mrc1 is phosphorylated in vitro by Hsk1 kinase, and this phosphorylation is largely lost by an SA mutation at aa 238 to 395 ( Fig. 8E and F) . These results support the idea that Hsk1-mediated phosphorylation of Mrc1 regulates the conversion from the brake-on to the brake-off conformation. Interestingly, the combination of the T238-S395/E and ∆HBS mutations resulted in an enhanced rescue of hsk1-89 compared to the single mutation alone (Fig. 7A ). Similar additive effects on bypass were observed with the ∆(225-376) and ∆HBS mutants (data not shown). These results indicate that the T238-S395 segment may play additional roles in regulating the Mrc1 function besides modulating the NTHBS-HBS interaction.
Recruitment of Cdc7 kinase to pre-RCs through Mrc1 may be important for ordered firing of origins. We also show here the possibility that Mrc1 plays a crucial role in recruiting Cdc7/Hsk1 kinase to the early-firing origins that have not been fired and in the ordered firing of early-firing origins. During the normal course of DNA replication, Hsk1 may be recruited to Mrc1, which is preferentially located on earlyfiring origins (22) , phosphorylates its targets on Mrc1, and turns it into a brake-off form.
Mrc1 was reported previously to be required for the scaling of origin activation in budding yeast, and this role of Mrc1 was shown to be checkpoint independent (19, 20) . We speculate that mechanisms involving the Mrc1-Hsk1 interaction may impose similar regulation of origin firing in fission yeast as well, since the ∆HBS mutant exhibits precocious firing of selective early-firing origins.
Unresolved questions are how Mrc1 is recruited preferentially to early-firing origins, how the brake-on form of Mrc1 prevents initiation from prematurely occurring at some early-firing origins, and what is the nature of the molecular transition from the brake-on to the brake-off form. Further biochemical studies on wild-type and mutant Mrc1 proteins using recently-developed in vitro replication systems (31) (32) (33) would facilitate the elucidation of detailed mechanisms of origin activation processes and their regulation.
Mrc1 is a central regulator of origin firing under normal and stressed conditions. Important roles of Mrc1 in the suppression of late/dormant origins through the checkpoint pathway are well established. Here we report a novel checkpoint- Under mrc1 ϩ conditions, an intramolecular interaction between HBS (red) and NTHBS (blue) induces a brake-on conformation in wild-type Mrc1 that binds to early-firing origins and is transiently inhibitory for firing. Hsk1 is recruited to Mrc1 on chromatin through HBS and NTHBS and phosphorylates residues in the segment (green) adjacent to NTHBS. Phosphorylated Mrc1 is converted to a brake-off conformation, which is permissive for firing of the early origins. Under mrc1∆HBS conditions, the lack of the HBS-NTHBS interaction constitutively induces the brake-off conformation, and precocious firing of some early-firing origins is induced. Under mrc1ST/E conditions, a phosphorylation mimic mutation (SE) in the key Ser/Thr residues of the segment adjacent to NTHBS (aa 238 to 395) reduces the HBS-NTHBS interaction, resulting in the brake-off conformation. Mrc1 in the constitutively brake-off conformation (mrc1∆HBS and mrc1ST/E) can bypass the requirement of Hsk1 for DNA replication. (B) Mrc1 suppresses initiation of DNA replication in two independent pathways in fission yeast. It inhibits late origin firing in the presence of replication stress through the Rad3-dependent phosphorylation of SQ/TQ motifs. The HBS/NTHBS-mediated regulation of firing of early-firing origins may play a major role in the scaling of origin firing or in the determination of the DNA replication program during unperturbed S phase. HBS (aa 782 to 879) interacts with NTHBS (aa 396 to 535), and both segments are required for the interaction with Hsk1, which phosphorylates aa 238 to 395 (green). This phosphorylation as well as the intramolecular interaction between HBS and NTHBS could contribute to the checkpointindependent regulation of early origin firing. The abrogation of either inhibitory pathway can lead to the bypass of Hsk1 function for DNA replication. independent pathway that regulates early-firing origins. The checkpoint pathway does not affect early-firing origins (22) . Similarly, the checkpoint-independent pathway does not affect the firing of late/dormant origins ( Fig. 2F and G) . Thus, the two pathways are independent. Indeed, the two pathways also function additively in the bypass of hsk1 (Fig. 1F ). Mrc1, with these two crucial functions, can be placed at the center of origin firing regulation: one regulating late/dormant origins through its well-established checkpoint function and the other regulating early-firing origins through the checkpoint-independent mechanism that is discussed in this report (Fig. 9B ). It is of interest whether this dual regulation of the origin firing program is also conserved in higher eukaryotes. This likely may be the case, since we recently reported that Claspin, the mammalian homologue of Mrc1, can regulate origin firing by recruiting Cdc7 kinase and through an intramolecular interaction that controls its DNA and PCNA binding activities (34) .
MATERIALS AND METHODS
Strains and culture conditions. Methods and media for culturing of Schizosaccharomyces pombe were described previously (35, 36) . All the strains used in this study are listed in Table S1 in the supplemental material. All epitope-tagged strains were made by the integration of a 3ϫFlag-, 5ϫFlag-, or 13ϫMyc-tagged gene fragment into the original chromosome loci. All the tags for expression in yeast were located at the C terminus. Five micrograms per milliliter of thiamine was added to Edinburgh minimal medium (EMM) to suppress transcription from the nmt1 promoter on pREP expression plasmids. In order to introduce mutations into HBS, a genomic DNA sequence corresponding to aa 782 to 883 of Mrc1 was first replaced with the ura4 ϩ gene, generating an mrc1∆(782-883)::ura4 ϩ strain (MS560). MS560 was unexpectedly found to be HU sensitive, possibly because truncated Mrc1 accidentally contains an additional 31 amino acids, SKLSYKSHWLYVCICVKKVCIDYLIYSAFFL, after Gly-781 and before the appearance of a termination codon. The ura4 ϩ gene of MS560 was then replaced with mutated Mrc1 DNA fragments containing mutations in HBS, and transformed cells were selected on synthetic dextrose minimal medium (SD) plates containing 0.1 mg/ml 5-fluoroorotic acid (FOA) (Wako). The presence of mutations in the strains generated were confirmed by PCR and sequencing. For cell cycle synchronization, nda3-KM311 cells were arrested at M phase by incubation for 5 h at 20°C and were released at 30°C in yeast extract with supplements (YES) containing 0 or 200 g/ml BrdU with or without 25 M HU. BrdU incorporation and immunoprecipitation (IP) analyses were performed as described previously (37) . Two-dimensional gel electrophoresis. 2D gel electrophoresis was performed as described previously (22) . DNA in agarose plugs was digested with BglII or EcoT22I for the detection of ars1 or ars2004, respectively. Sequences of the primers used for probes are as follows: 5=-GGTTGCCCTGCAGGAAATTG-3= (sense) and 5=-TTCTTTGTGGGGCTAGCCTGTA-3= (antisense) for ars1 BglII and 5=-AAAGTGCGTGCATGGCT TTAGG-3= (sense) and 5=-TGAGAGAGTACAGTCAAGCGTAGAG-3= (antisense) for ars2004 HaeIII.
Chromatin immunoprecipitation and real-time PCR. A total of 1.0 ϫ 10 9 cells were cross-linked with 1% formaldehyde for 15 min at 30°C and prepared for ChIP as previously described (37) . Briefly, cross-linked cell lysates solubilized by multibead shocker (Yasui Kikai Co.) and sonication (Branson) were incubated with anti-Flag antibody (M2; Sigma)-conjugated protein G Dynabeads (Dynal) for 4 h at 4°C. The beads were washed several times, and the coprecipitated materials were eluted with elution buffer (50 mM Tris-HCl [pH 7.6], 10 mM EDTA, and 1% SDS) for 20 min at 68°C. The eluates were incubated at 68°C overnight to reverse cross-links and then treated with RNase A and proteinase K. DNA was precipitated with ethanol and further purified by using a QIAquick PCR purification kit (Qiagen). Quantitative PCR was performed by using SYBR Premix Ex Taq (TaKaRa Bio) on a LightCycler 480 instrument (Roche). The immunoprecipitation efficiency is presented as a percentage of the input chromatin. The primer sets used are listed in Table S2 in the supplemental material.
Next-generation sequencing (NGS) and ChIP-seq. DNA from the input and the immunoprecipitated materials was fragmented to an average size of ϳ150 bp by ultrasonication (Covaris). The fragmented DNAs were end repaired, ligated to sequencing adaptors, and amplified according to the protocol of the NEBNext ChIP-Seq Library Prep master mix set and NEBNext Multiplex Oligos for Illumina (New England BioLabs). The amplified DNA (around 275 bp) was sequenced on an Illumina MiSeq instrument to generate single reads of 100 bp. The generated ChIP or input sequences were aligned to the S. pombe genomic reference sequence provided by PomBase by Bowtie 1.0.0 using default settings (38) . Peaks were called with model-based analysis of ChIP sequencing (ChIP-seq) (MACS2.0.10) by using the following parameters (39): macs2 callpeak -t ChIP.sam -c Input.sam -f SAM -g 1.4e107 -n result_file -B -q 0.01. The pileup graphs were loaded into the Affymetrix Integrated Genome Browser (IGB 8.0) (40) . We adopted a criterion (fold enrichment of Ͼ3.0) to select candidate peaks because we used the MACS2 option "-nomodel" to generate the result file. MCM4 ChIP-seq data were obtained from nda3-KM311 hsk1-89 cells pregrown at 25°C, arrested at M phase at 20°C for 8 h, and released into the cell cycle at 30°C (nonpermissive for hsk1-89) for 1 h to bring the cells to the G 1 /S boundary.
Antibodies. Mouse anti-Flag M2 monoclonal antibody (Sigma), rabbit anti-Hsk1 antibody (21), mouse anti-cMyc (A-14) monoclonal antibody (Santa Cruz), mouse anti-GST (B-14) monoclonal antibody (Santa Cruz), and mouse anti-RGS-His monoclonal antibody (Qiagen) were used for Western blotting. Rabbit anti-Mrc1 antibody was raised against a GST fusion of Mrc1(1-180) and used for Western blotting.
Purification of Mrc1 fragments.
The open reading frame of full-length Mrc1, Mrc1∆HBS, or various Mrc1 segments (spanning positions 1 to 781, 225 to 781, 377 to 781, 396 to 781, or 536 to 781) was cloned at the BamHI site of the mammalian expression vector ver.3-4, resulting in the generation of N-terminally 6ϫHis-and C-terminally 3ϫFlag-tagged polypeptides (41) . The expression plasmid was transfected into 293T cells, and Mrc1, Mrc1∆HBS, or each Mrc1 deletion protein was purified by consecutive steps with anti-Flag antibody and nickel affinity columns. GST-fused Mrc1(225-547) (WT or SA or SE mutant) was purified from Escherichia coli BL21(DE3) cells harboring a pGEX-2T-derived vector expressing each polypeptide by using glutathione-Sepharose 4B (GE Healthcare). Mrc1(674 -879) and Mrc1(782-879) were purified from BL21(DE3) cells carrying pT7-7/QE30 expressing N-terminally RGS-His-tagged Mrc1(674 -879) and Mrc1(782-879), respectively, by using Ni-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen). Full-length Mrc1, Mrc1∆HBS, and Mrc1(T238-S395/E) were also expressed on the pT7-7/QE30 expression vector as RGS-His-tagged polypeptides and were purified from BL21(DE3) cells for use in gel shift assays.
Accession number(s). All the ChIP-seq data sets have been deposited in the Gene Expression Omnibus (GEO) database under accession number GSE93178.
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